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Shell Oil Corporation has developed an in-situ process for 
shale oil recovery that uses electric heaters to heat oil shale 
deposits and produce chemical reactions within the shale that 
can liberate the shale-oil. The major production expense is 
electrical power used to heat the shale. Significantly, small 
mobile nuclear reactors are now under development and testing 
that could provide high-temperature working fluids (both 
gaseous and liquid) at lower unit energy cost to replace current 
electrical heating.  Nuclear generated steam is particularly cost 
effective and technically attractive for oil shale recovery.  
Estimates are that US oil shale deposits could be made to 
produce about 2 million barrels of oil per acre ($200 
million/acre of oil at $100/barrel) if properly processed using 
high temperature steam. Furthermore, a these small nuclear 
reactors could be delivered by heavy haul truck, carefully 
buried for adequate shielding and safety, remotely operated, 
and moved as needed to process large oil shale fields. 
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1.0 INTRODUCTION 
The United States has the world’s largest, concentrated oil 
shale deposits in the Green River Formation spanning 
Colorado, Utah, and Wyoming as shown in Figure 1. Estimates 
for recoverable shale oil from the Green River Formation range 
from 500 billion to 1 trillion barrels. At 2007 US consumption 
rates of about 22 million barrels per day, there is sufficient oil 
in this shale deposit to supply total U.S. petroleum supply for at 
least a century.  This is a very important resource for the U.S.  1
d From: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of Usin light of dwindling fluid (light) oil reserves [1], rapidly 
escalating oil prices and economic and political concerns over 
US dependence upon foreign oil and Middle East instability.  
Growing world and US dependence upon oil exports from 
Russia and Venezuela pose significant political concerns as 
well as economic impacts.   
 
These U.S. oil shale deposits contain the most concentrated 
source of fossil fuels in the world as measured in energy 
content per unit area of land. Most of the shale deposits are 
more than 500 feet thick, and some deposits exceed 2000 feet 
thick. Typically, these basins can yield more than 2 million 
barrels of shale oil per acre for deposits that contain at least 25 
gallons of oil per ton of shale.  
 
However, current processes for recovery of oil shale are 
potentially environmentally damaging and expensive.  
Conventional mining of oil shale is particularly impacting. 
Standard recovery processes involve heating the oil shale by 
injecting air and then burning a portion of the organic 
combustibles to produce heat that drives subsequent chemical 
reactions that liberate oil from the shale. The oil shale is heated 
to about 480°C (900°F) and the recovery process is conducted 
aboveground in retorts or underground. Typically, an earthen 
mass below the retort zone is mined, the shale to be retorted is 
then fragmented by staged explosives, and air is imposed to 
burn some of the carbon to generate the required heat. 
Production costs for these processes are estimated at $60 to $90 
per barrel of shale oil.  
 




2.0 SHELL IN-SITU EXTRACTION PROCESS 
For over 25 years Shell
 
[2, 3] has been developing in-situ 
retorting referred to as the “In-Situ Conversion Process (ICP)” 
The process has been tested on prototype scales and is now 
being scaled up for commercialization. The process represents 
a significant improvement in oil shale processing that should 
produce high grade shale oil at less than $40 per barrel. This is 
competitive with lower-quality crude oils in the $25 to $35 per 
barrel. Furthermore, the environmental impacts and attendant 
expenses are considerably lower than those for any other shale 
oil production method.  
 
For the Shell in-situ process these electrical heaters are 
placed in vertical boreholes to heat shale throughout its entire 
volume. About 15 to 25 heaters are required per acre or one 
heater for 2000 square feet of surface. After several years of the 
shale bed reaches temperatures between 340 and 370°C (650 
and 700°F) and this sustained heating and controlled 
temperature causes the shale to release an oil and gas product 
similar to natural gas that can diffuse through the shale deposit 
via the pressure gradient produced between the heated shale 
and the extraction wells. The schematic figure below depicts 
the Shell In-Situ Conversion Process. 
 
About two-thirds of the liberated oil shale product is in 
liquid shale oil and the remaining one-third is in the gaseous 
product.  Because of the variations in specific geological strata 
in the shale field, the number and location of electric heater 
wells required, the resulting heater-well temperature profiles 
achievable, the processing times to induce adequate advection 
of the shale products, and many other characteristic must be 
addressed and resolved for each shale deposit. The low thermal 
conductivity of oil shale, the requirement to heat the shale for 
several years, and the restriction to well heating rather than 
bulk heating mandates peak heater-well temperatures up to 
1000ºC (1800ºF).  
 
The chemically stable oil product that results consists 
principally of distillable oil fractions yielding a feedstock that 
can be easily refined in present US refineries. This result is in 
contrast to conventional oil shale processes, which produce 
chemically unstable oil that requires expensive and further 
processing to produce an acceptable synthetic crude oil for 
existing refineries. Furthermore, the fraction of the gas product 
in the Shell shale oil process does not contain large quantities 
of carbon dioxide or nitrogen from oxidizing organics that 
greatly increase gas processing costs.  
2
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Approximately 200 to 400 kW(e)-hours of electrical 
energy are required for well heating per barrel of oil produced. 
For remotely supplied electrical power at $0.10/kW(e)-hour, 
then power costs are between $25 and $30 per barrel. To 
produce 100,000 barrels per day at least 1-GW(e) of excess 
electrical generating capacity in the shale field is required.  
This requirement poses severe demands upon US Western 
electrical capacity that is already under strain. Furthermore, the 
electrical power expense represents over half the production 
costs for Shell shale oil. If the electricity is produced from the 
natural gas fueled electrical power plants, then this 
consumption of gas amounts to about one-third the energy 
content of the hydrocarbons produced in the process.  Coal 
generated electrical power is a less expensive source of 
electrical power, but poses environmental and greenhouse gas 
concerns.   
 
The costs and potential environmental impacts of the Shell 
In-Situ Conversion Process are significantly less than those for 
other shale oil processes and other methods to produce oil. The 
process is a potentially revolutionary alternative method to 
produce oil that uses domestic energy reserves and can 
successfully compete with foreign oil sources. What is required 
to accesses this vast storehouse of fluid hydrocarbon fuels is an 
inexpensive energy source that releases not greenhouse gases. 
 
3.0 IN-SITU EXTRACTION USING NUCLEAR HEATING 
An alternative Shell oil shale process is proposed for 
consideration. Small, mobile, high-temperature reactors that 
can produce a benign high-temperature working fluid (gas or 
liquid) offer great potential to economically and 
environmentally heat oil shale in a credible technical process.  
Royal Dutch Shell PLC is considering the use of nuclear 
reactors to support Royal Dutch Shell’s experimental oil sands 
extraction program in Calgary, Canada. Royal Dutch Shell has 
invested more than half a billion dollars in such a nuclear 
development program and anticipates success.  
 
The thermal energy produced in the nuclear reactor core 
can be transferred as high pressure, high temperature gas, 
steam, or hot water from the reactor’s heat exchanger to the oil 
shale. This proposed process offers several significant 
advantages.  
 
• Energy requirements 
The energy requirements for retorting the oil shale are 
reduced by a factor of two. Direct use of high-temperature 
heat avoids the conversion of heat to electricity and 
subsequent use of the electricity to produce heat. 
Expensive electricity is replaced with lower-cost thermal 
energy as directly heated working fluids. 
 
• Product recovery 
All of the products from retorting the oil shale are 
recovered as products. None are used to produce the heat 
required to operate the process.  
 
• Environmental impact 
Obtrusive above ground and below ground mining actions 
are avoided by the Shell In-Situ Conversion Process. 
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DowHowever, the use of nuclear energy eliminates the 
production and release of greenhouse gases to the 
environment from oil shale heating. The overall 
environmental impact will be significantly less than those 
for other conventional methods used to produce a synthetic 
crude oil. Non-electric heating eliminates the cooling water 
consumption associated with electrical power production. 
Water is a scarce commodity throughout the Colorado 
Plateau region.  Dry cooling could be used, but consumes a 
significant fraction of the power produced. However, some 
newer reactor designs (e.g., pebble bed) with higher 
thermodynamic efficiencies make air cooling more 
feasible.  
 
• Shale Field Mobility and Coverage 
A unique feature offered by use of nuclear heating of oil 
shale is the potential of using small, mobile nuclear power 
plants now under development. In principal such a small 
reactor could be transported to the field, located in a 
prepared ground excavation at sufficient depth to minimize 
sky-shine radiation with a liner that would provide 
adequate shielding and structural support.  Transport of the 
heated working fluid for oil shale recovery could be 
accomplished by insulated pipelines or heavy haul trucks 
as necessary within a practical transmission range of the 
reactor and the individual wells.  Upon exhaustion of the 
immediate shale field, the reactor would be allowed to 
decay sufficiently to be moved to the next production area 
in the shale field where the recovery process would be 
repeated.  Such an operational policy could fully utilize the 
thirty to forty year core life of a several hundred MW(th) 
reactor. The potential shale oil recovered over a four 
decade period would be about a third of a billion barrels.  
At $50 per barrel or less, this carries an economic value of 
$16 billion per reactor unit and would insure stable and 
adequate supply and a price cap on the cost of non-
domestic oil deliveries to the U.S. 
 
The major advantages of using nuclear energy for high-
temperature heat result directly from the unique geological 
setting of these oil shale deposits. Nuclear reactors are capital 
intensive, but have low operating and fuel costs and permit 
direct application of the working fluid to the shale. Good 
economics requires long-term base-load operations. For this 
application, heat should be transferred as efficiently as possible 
from the reactor to the wellhead. In the thicker oil shale 
deposits of the Piceance Basin, production of 100,000 barrels 
of oil per day requires processing and recovery of oil from 30 
acres per year and a reactor with a thermal output of 600 
MW(th). For four decade operational policy, the longest heat-
transport pipeline required from reactor to wellhead (assuming 
full recovery of the oil shale, including the area under the 
reactor) would be about a kilometer. Such transport distances 
from the reactor to well head are sufficiently short that heat 
transport is practical.  
 
Furthermore, thermal energy must be transported at high 
temperatures throughout the shale depth that might be 1000 m 
or greater. To effectively transport heat, high-heat-capacity 
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systems minimize the diameter of the wells and ensure efficient 
heat transfer between the coolant and well casing. The heat 
transfer coefficients of gases compared to liquids are much 
lower and thus limit heat transfer from the coolant to the well 
casing. The low volumetric heat capacity of gases relative to 
liquids implies much larger pipes to transfer the same amount 
of heat. The pumping costs for gases would also be much 
higher. On the other hand, gases flow more readily through the 
oil shale material and gases such as CO2 would also chemically 
as well as thermodynamically enhance the release of oil from 
low permeable shale. 
 
There are significant technical challenges associated with 
using nuclear energy for oil shale production including the 
selection of the appropriate coolant-materials combinations and 
the development of startup/shutdown procedures for the heater 
wells. There are multiple startup options to avoid freezing of 
the coolant in the cold well during initial operations. Each has 
its own advantages, disadvantages, and challenges. 
 
Startup options include  
• Preheating the well with hot gases or electric heat  
 
• Filling the well with the cold solid coolant in particulate 
form and then slowly lowering the center feed pipe with 
hot circulating coolant that heats and melts the solid 
coolant as the feed pipe is lowered to the bottom of the 
well, and  
• Two coolant combinations such as initial heating with a 
lower temperature coolant such as condensing steam or 
nitrate salts and then switching to a higher temperature 
coolant after initial heating of the oil shale.  
 
• Dual heating, using electrical power for higher temperature 
heating might be used if heat loss for transmission from the 
reactor to the wells exceeded the cooling requirements for 
electrical power production (i.e., the efficiency of the heat 
transmission was less than the efficiency for electrical 
generation.) 
 
A major potential problem with in-situ retorting such as the 
Shell ICP is isolation of the heat shale oil products from the 
ground water zone. Typical oil shales are below the water table.  
The ground water can infiltrate into the heated oil shale zone 
cooling and condensing the oil shale products and more 
importantly, contaminating the ground water. Shell uses 
“Freeze wall technology”[4] to address this.  Obviously, Shell’s 
in-situ process will create a huge demand for electricity for 
both heating and refrigeration for oil shale processing if fully 
developed. 
 
4.0 NUCLEAR REACTOR OPTIONS 
Several nuclear reactor types are available or under 
development that could serve as electrical power generators, 
direct heating, and production of high temperature working 
fluids for extracting oil from shale.  
 
Energy Alberta has filed an application for its first project 
license to provide electrical power for processing oil bearing 
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Dowmaterials.  Twin ACR Reactors (ACR-1000 Generation III+, 
1200 MW(e) Advanced CANDU Reactors) will produce 
electricity near the Peace River site in Alberta.  These reactors 
are estimated to cost about $6.2 billion total and provide 
electricity at the site for costs ranging from $50 to $75/MW-hr.  
 
Small mobile nuclear reactors now under development 
could also provide the energy requirements for oil shale 
recovery including electricity and high temperature working 
fluids. These reactors include the Toshiba and a broad class of 
SSTAR (Small, Sealed, Transportable, Autonomous Reactor) 
versions providing a host of novel, conceptual designs and 
potential applications.  
 
Indeed a new generation of small nuclear plants termed 
“nuclear batteries” are self-contained power plants that can be 
installed in remote locations and produce several hundred 
megawatts for two decades without refueling.  These nuclear 
batteries can serve as their own shipping container and may be 
returned to the fabricator for spent fuel removal, reprocessing, 
and recharge for the battery to return for operation again.  
 
The Toshiba and SSTAR reactors use graphite-matrix 
coated-particle fuel. There are two potential coolants: helium 
and liquid fluoride salts. Modular gas-cooled reactors
 
are the 
near-term technical option because several such reactors have 
been built.  
 
The Advanced High Temperature Reactor (AHTR or 
liquid-salt-cooled, very-high-temperature reactor [5]) is the 
longer-term option. The AHTR has potential economic 
advantages for oil shale processing but is in very early stages of 
development. 
 
The SSTAR–LM (SSTAR-liquid metal) was developed 
under the Generation IV Nuclear Energy Systems Program as a 
modular fast reactor that could be scaled up to 400 MW(th). 
The fuel is a transuranic nitride with a decomposition 
temperature greater than 1350ºC (2500ºF) and the coolant is 
natural circulation, lead (Pb), with a 1740ºC (3200ºF) boiling 
temperature that eliminates the intermediate coolant circuit and 
the potential for severe reactions with secondary coolants such 
as water. A thirty year fuel life is projected and autonomous 
load following occurs because of the large reactivity feedback. 
The small transportable reactor vessel is 12 meters high and 
3.23meters in diameter amenable to repeated transport and 
reinstallation throughout the shale formation.. 
 
The AHTR has one unique advantage in the context of oil 
shale recovery. The AHTR is a low-pressure, liquid-salt-cooled 
reactor with a small pressure drop across the reactor core. In 
liquid-cooled reactors, the temperature rise across the reactor 
core can be selected to match the required temperature rise for 
the intermediate heat transfer fluid through the intermediate 
heat exchanger.  
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across the reactor core and resultant cost of pumping typically 
result in a 350°C (660 ºF) temperature rise across the reactor 
core. These conditions may make it difficult to match the 
temperature rise in the reactor core to the desired temperature 
rise of the heat transfer loop in the intermediate heat exchanger.  
 
5.0 CONCLUSIONS 
Existing oil shale deposits in the US have both the volume 
and practical potential to provide the US with its major 
domestic supplies of premium crude oil required throughout the 
21st century.  The Shell process, coupled with nuclear heating, 
could prove to be an economical and practical method to 
recover shale oil with lower environmental impacts than 
conventional recovery methods.  It is suggested that the use of 
high-temperature steam or other heated fluids (gas or liquid) 
from small, mobile nuclear reactors, placed in one location for 
a period of one to two years, and then moved to a new location 
to recover oil shale in-situ should be considered.  Use of direct 
heat could significantly lower costs by replacing high cost 
electricity (produced by converting heat to electric power). 
However, it is recognized that electric heat might prove more 
practical and cost effective for finishing the approach to the 
very high temperatures required, bringing the shale to 
nominally 370 C (700 F).  The reactors that have been 
examined, relatively small (a few hundred MW thermal), could 
be configured to produce either process heat or electricity (or 
both) as a co-generation system.  Such processes deserve in 
depth examination.  The direct heating to whatever temperature 
is found to be feasible, would reduce environmental impacts 
from oil production.  Nuclear power used for oil recovery 
would not release greenhouse gases.  The process could 
provide the U.S. with a self-sufficient, environmentally benign, 
and economical supply of domestic oil, and perhaps restrain 
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